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(54) LITHIUM-SULFUR BATTERY MANAGEMENT SYSTEM

(67)  There is provided a Lithium-Sulfur battery man-
agement system for determining a state of charge of a
Lithium-Sulfur battery (LS1). The management system
comprises a first circuit having at least one reactive ele-
ment (Cb), and the first circuit is configured to discharge
and charge fixed amounts of charge from and to the bat-
tery (LS1) via the at least one reactive element (Cb). The

management system also comprises a second circuit
(DA1, MC1) for monitoring the discharging and charging,
and the second circuit is configured to measure the dis-
charge time and the charge time of the fixed amounts of
charge, and determine the state of charge based on those
times. There is further provided a method for determining
the state of charge of the Lithium-Sulfur battery.
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Description
TECHNICAL FIELD

[0001] The presentinventionrelates generally to a Lith-
ium-Sulfur battery management system for determining
the state of charge of a Lithium-Sulfur battery.

BACKGROUND OF THE INVENTION

[0002] The ability to reliably determine the amount of
remaining charge of a battery for use as a power source
in, for example, portable electronic goods and electric
vehicle transport is highly valued by manufacturers and
consumers alike in order to calculate the remaining us-
age time or available distance for vehicles.

[0003] In the case of gasoline vehicles the fuel level
can simply be measured, however in electric and hybrid
vehicles and in electronic devices because the battery is
used as their power source it is more difficult to measure
residual energy accumulated in the battery. The state of
charge (SOC) of a battery may for example be expressed
as a percentage indicator of the amount of capacity re-
maining in a battery until arecharge is needed, compared
to the total capacity provided by that battery.

[0004] Supposing SOCj to be the initial SOC percent-
age at time t,, the battery’s SOC percentage at time t is
defined as:

to

S0C = 50C, + 100 *

where | is the current, which is defined as negative for
discharging and positive for charging, and Q; is the bat-
tery’s maximum capacity in Ah.

[0005] Theinitial SOC,where the battery is considered
to be fully charged may be set with reference to the max-
imum open circuit voltage (OCV) prior to discharging the
battery, optionally with reference to resistance and tem-
perature measurements to improve accuracy.

[0006] Common methods of gauging the SOC of bat-
teries of various chemistries are based on voltage meas-
urements, where typically the voltage of a battery will fall
in relation to its remaining capacity. However, the voltage
of a Lithium-Sulfur battery does not drop linearly as the
battery is discharged, and typically plateaus for large pro-
portions of the discharge characteristic, meaning that the
use of voltage is not well-suited to determining the SOC
of Lithium-Sulfur batteries.

[0007] Another known method of determining SOC of
the battery is to perform coulomb counting from the mo-
ment the battery begins to be discharged, so that the
charge outputby the battery is counted and the remaining
charge still within the battery can be calculated. With any
battery, coulomb counting is only practical if an initial ca-
pacity value is known prior to the start of any discharge,
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and if no other method of capacity estimation is used,
then coulomb counting can only practically be implement-
ed when the battery starts from 100% SOC. In practice
a battery may not start its discharge from a fully charged
state either because it has been subject to a partial dis-
charge, has not been fully charged, or subject to self-
discharge and therefore requires an additional method
of determining the start of discharge capacity.

[0008] One characteristic of Lithium-Sulfur batteries
that has been investigated as a means of SOC determi-
nation is a measurable relationship between a battery’s
internal resistance and its SOC, as identified in previous
patent applications such as application US
2009/0055110 (Sion Power). Typically, determination of
the battery’s resistance is through applying a known cur-
rentin either charge or discharge, monitoring the change
in voltage, and applying specific algorithms to predict the
battery SOC.

[0009] Inpractice, determination of the battery’s resist-
ance through application of a current source is not so
straight forward, as identified in European Patent Appli-
cation No. 1506497.5 (OXIS Energy et al), since there
are other factors relating to the duration of an applied
current pulse and response of the battery, used in deter-
mining the resistance. These factors are typically based
on the characteristics of a Lithium-Sulfur battery under
load (or charge). An attempt to address the issues of a
Lithium-Sulfur battery’s characteristics whilst under load
has been addressed in the above mentioned European
Patent Application No. 1506497.5 (OXIS Energy et al)
using a process of Prediction Error Minimisation and
Adaptive Neuro-Fuzzy Inference System SOC estima-
tion, claiming a potential mean error in capacity determi-
nation of 5% and maximum error of 14%. However, im-
plementation of this technique requires fairly sophisticat-
ed algorithms and suitable processing power to handle
the number of calculations required.

[0010] Itis therefore an object of the invention to pro-
vide an improved system for determining the SOC of a
Lithium-Sulfur battery.

SUMMARY OF THE INVENTION

[0011] According to various embodiments of the inven-
tion, there is provided a Lithium-Sulfur battery manage-
ment system for determining a state of charge of a Lith-
ium-Sulfur battery, according to any one of the appended
claims 1 to 14. The management system comprises a
first circuit having at least one reactive element, and the
first circuit is configured to discharge and charge fixed
amounts of charge from and to the battery via the at least
one reactive element. The management system also
comprises a second circuit for monitoring the discharging
and charging, and the second circuit is configured to
measure the discharge time and the charge time of the
fixed amounts of charge, and determine the state of
charge based on those times.

[0012] Since the fixed charge is applied to and from
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the battery via the at least one reactive element, the time
to discharge/charge the battery by a fixed amount of
charge is a function of the internal resistance of the bat-
tery, since the rate of discharge/charge through the at
least one reactive element will be moderated by the in-
ternal resistance. As noted further above, there is a re-
lationship between SOC and internal resistance. There-
fore, there is also a relationship between SOC and the
discharge/charge times, allowing SOC to be determined
from the discharge/charge times.

[0013] The internal resistance of a Lithium Sulfur bat-
tery with respect to a charge current for a given SOC,
will differ to its internal resistance with respect to a dis-
charge current at the same SOC. Additionally, the inter-
nal resistance under charging may not always provide
an accurate SOC for all SOC’s, and the internal resist-
ance under discharging may not always provide an ac-
curate SOC for all SOC’s, however the combination of
the internal resistance when discharging (by way of the
discharge time) and the internal resistance when charg-
ing (by way of the charge time) allows an accurate SOC
to be determined for all SOC'’s. This is discussed in more
detail later on with reference to the discharging and
charging characteristics shown in Fig. 1.

[0014] Preferably, the fixed amounts of charge com-
prise a first fixed amount of charge that is discharged
from the battery during the discharge time, and a second
fixed amount of charge that is charged into the battery
during the charge time, wherein the first fixed amount of
charge and the second fixed amount of charge are sub-
stantially a same value as one another such that the dis-
charging and charging has no significant overall effect
upon the state of charge of the battery. This process may
be controlled automatically by electronics, without any
significant overall impact on the battery’s capacity, in-
creasing the accuracy of the capacity estimation.
[0015] Advantageously, the leastone reactive element
may comprise a storage capacitor, and the size of the
storage capacitor may fix the fixed amounts of charge
that are discharged and charged from and to the battery.
For example, doubling the size of the capacitor may dou-
ble the fixed amount of charge, when all other factors are
unchanged. The fixed amount of charge may be less than
the maximum amount of charge the capacitor is able to
store, for example if the capacitor is charged and dis-
charged between 90% and 10% of its charge capacity.
Preferably the capacitor is charged and discharged be-
tween less than 98% and greater than 2% of its capacity
respectively, to avoid excessively long charge and dis-
charge times. As will be apparent to those skilled in the
art, if the battery was used to charge and discharge the
capacitor between 100% and 0% of its capacity via the
internal resistance of the battery, then this would take a
very long time due to the exponential nature of the charge
and discharge characteristics.

[0016] Since the time constant of charging a capacitor
is based on its capacitance and an in line series resist-
ance (RC time constant), in this case the storage capac-
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itance in series with the internal battery resistance, the
time to charge the storage capacitance between two
states of charge, for example between 10% and 90%,
will be representative of the internal resistance.

[0017] Optionally, the at least one reactive element
may comprise an inductor connected to the storage ca-
pacitor. Then, the current that flows to and from the stor-
age capacitor via the inductor may be measured. The
rate of change of this current will depend on the internal
resistance of the battery, and so the time for the current
to transition between two different values can be meas-
ured to determine internal resistance and therefore SOC.
Preferably, a current sense resistor is connectedin series
with the inductor, the voltage developed across the cur-
rent sense resistor corresponding to the current flowing
through the inductor, so that the current can be easily
measured.

[0018] Advantageously, first circuit may comprise a
step-up converter. Then, the storage capacitor may be
charged from the battery whilst measuring the discharge
time, and then using the step-up converter, the energy
in the capacitor can be discharged back into the battery,
whilst measuring the charge time. For example, the first
circuit may comprise a switching network connected to
the storage capacitor, the switching network configured
to switch a first terminal of the storage capacitor between
lower and higher voltage potentials to perform the dis-
charging and charging of the battery via a second termi-
nal of the storage capacitor. This switching may comprise
switching a reservoir capacitor out of and into series with
the storage capacitor to perform the discharging and
charging of the battery respectively. The size of the res-
ervoir capacitor is preferably much larger than the size
of the storage capacitor, for example at least 20 times
larger, more preferably 50 times larger, or 100 times larg-
er.

[0019] To helpimprove the accuracy of the time meas-
urements and reduce the influence of any noise in the
system, the second circuit may be configured to repeat-
edly switch this switching network to discharge and
charge the battery for a repetition number of times, and
to determine the SOC based on a sum of the discharge
times and a sum of the charge times, and optionally a
sum of the discharge and charge times. The repetition
number may for example be 10 times, or even 100 times.
Further improvement to the accuracy of the capacity es-
timation may be by continuously monitoring the SoC of
the battery whilst not in use and using algorithms and
averaging techniques to track the deterioration of battery
capacity for any period of self-discharge.

[0020] The second circuit may be configured to deter-
mine the SOC based on a look-up table that provides a
state of charge value for each of multiple combinations
of discharge and charge times. Therefore, the Lithium-
Sulfur battery management system may not need to per-
form complex calculationsin order to determine the SOC,
but can simply look up the correct SOC from the look-up
table based on the discharge and charge times. Prefer-
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ably, the look-up table can be modified to take account
of battery temperature, and so the Lithium-Sulfur battery
management system may further comprise a third circuit
configured to sense the temperature of the battery. The
look-up table may also be modified to take account of
battery ageing, which may be tracked as described in the
paragraph above.

[0021] Advantageously, the second circuit may be con-
figured to determine a health of the battery based on the
sum of the discharge and charge times. The health may
be determined by comparing the discharge and charge
times to nominal reference lookup values, as well as to
a log of previous discharge/charge times Vs SOC held
in memory.

[0022] Given that the discharge and charge times are
directly proportional to the battery resistance with respect
to discharge and charge current for a fixed capacitance,
the discharge times, a sum of the charge times, and a
sum of the discharge and charge times may be compared
to a look up table to determine SOC. Clearly, instead of
modifying the look-up table according to temperature and
battery ageing, the look-up table may remain the same
and the sums of the charge and discharge times may be
modified according to temperature and battery ageing
prior to comparing to the look-up table. The effects of
temperature and battery ageing upon Lithium Sulfur bat-
teries are well-known in the art, and so are not described
in detail herein.

[0023] Alternatively, the SOC may be calculated based
on predetermined formulas specifying relationships be-
tween the SOC and the discharge and charge times, rath-
er than using a look-up table.

[0024] The second circuitmay be configured to monitor
avoltage difference between two points of the first circuit,
determine that discharging or charging is sufficiently
complete when the voltage difference drops below a pre-
determined level, and in response switch the first circuit
from discharging to charging, or charging to discharging,
respectively. For example, the second circuit may deter-
mine that discharging is complete when the voltage
acrossthe current sense resistor connected in series with
the inductor falls below a predetermined level, or may
determine that charging is complete when the voltage
across the storage capacitor falls below a predetermined
level, depending on whether the two points are across
the current sense resistor or the storage capacitor. Con-
versely, the second circuit may determine that discharg-
ing is complete when the voltage across the storage ca-
pacitor rises above a predetermined level, or may deter-
mine that charging is complete when the voltage across
the current sense resistor connected in series with the
inductor rises above a predetermined level, noting that
the voltage will be rising towards zero from a negative
value given that current flows through the current sense
resistor is in the opposite direction when charging com-
pared to discharging. Clearly the difference amplifier
could be connected across two other points of the first
circuit instead of across the storage capacitor or across
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a current sense resistor, provided that the two points ex-
hibit a voltage difference variation corresponding to a
time constant of the at least one reactive element.
[0025] Advantageously, an output of the difference
amplifier may be connected to a control terminal of the
switching network, to switch between discharging and
charging the battery based on the output of the difference
amplifier. This provides analogue and therefore fast feed-
back to the switching network, so that the switch between
discharging and charging is executed without delay.
[0026] There is further provided a method for deter-
mining SOC of a Lithium-Sulfur battery, according to the
appended claim 15. The method comprises measuring
a first time to discharge the Lithium-Sulfur battery by a
first fixed amount of charge, via a first reactive element;
measuring a second time to charge the Lithium-Sulfur
battery by second fixed amount of charge, via a second
reactive element; and determining the state of charge
based on the first and second times. The first reactive
element is optionally a same reactive element as the sec-
ond reactive element, and the first fixed charge is option-
ally a same amount of charge as the second fixed charge.
Optionally, the second time may take place at a time ear-
lier than the first time.

[0027] This disclosure refers to discharging and charg-
ing the battery, although this does not imply any require-
ment for the discharging to take place before the charg-
ing, and the charging may take place before the discharg-
ing if desired. By convention, charge is considered to flow
from relatively higher voltage potential to relatively lower
voltage potential.

DETAILED DESCRIPTION

[0028] Embodiments of the invention will now be de-
scribed by way of non-limiting example only and with ref-
erence to the accompanying drawings, in which:

Fig. 1 shows a graph of battery internal resistance
characteristics during charging and discharging of a
typical Lithium Sulfur battery;

Fig. 2 shows a schematic diagram of a battery man-
agement system according to a first embodiment of
the invention;

Fig. 3 shows a timing diagram of levels of charge
held by a capacitor of the system of Fig. 2 during
charging and discharging the battery;

Fig. 4 shows a more detailed schematic diagram of
a battery management system according to a second
embodiment of the invention;

Fig. 5 shows a graph of battery resistance whilst
charging a typical Lithium Sulfur battery, at various
temperatures;

Fig. 6 shows a graph of battery resistance whilst dis-
charging a typical Lithium Sulfur battery, at various
temperatures; and

Fig. 7 shows a schematic diagram of a battery man-
agement system according to a third embodiment of
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the invention.

[0029] Thefigures are notto scale, and same or similar
reference signs denote same or similar features.

[0030] Referring to Fig. 1, there is shown a graph of
battery internal resistance against SOC, showing how
the internal resistance of a typical Lithium Sulfur battery
generally decreases as it's SOC increases from 0 (0%
charged) to 1.0 (100% charged). The graph includes a
curve 4 of measurement results when charging the bat-
tery, and a curve 6 of measurement results when dis-
charging the battery. It can be seen that the internal re-
sistance of the battery is higher when the battery is being
discharged, than when the battery is being charged.
[0031] The charging curve 4 has a kink 5 at around
60% SOC, meaning the charging curve alone does not
unambiguously allow the SOC to be determined for any
given measured resistance value, for example a meas-
ured resistance value of 0.11 Ohm under charging could
correspond to an SOC of roughly 50%, or an SOC of
roughly 62%, depending on which side of the kink 5 the
measurement result actually corresponded to. The dis-
charge curve 6 has a kink 7 ataround 80% SOC, causing
similar problems to the kink 5. However, since these kinks
occur at different points along the SOC curves 4 and 6,
the inventors have recognised that resistance measure-
ments taken under both charge and discharge can be
used in combination with one another to help unambig-
uously identify the SOC of a battery being tested. For
example, returning to the example measurement result
of 0.11 Ohm under charging, the resistance under dis-
charge could be measured as well, in order to determine
whether the measurement result of 0.11 Ohm under
charging corresponds to a point before or after the kink
5, corresponding to either 50% SOC ora 62% SOC. The
charge and discharge times measured in the present in-
vention are directly proportional to the charge and dis-
charge internal resistances of the battery, allowing the
SOC to be determined based on the charge and dis-
charge times.

[0032] A first embodiment of the invention will now be
described with reference to Fig. 2 and Fig. 3. Fig. 2 shows
a schematic diagram of a battery management system
connected to positive and negative terminals T1 and T2
of a Lithium Sulphur battery LS1. In this embodiment, the
Lithium Sulphur battery LS1 consists of a single cell, how-
ever it will be appreciated that multiple cells could be
combined in series and/or parallel with one another within
the battery LS1 in alternate embodiments. The battery
management system comprises a first circuit formed by
resistors Ra and Rb, capacitors Ca and Cb, switches
SWa and SWb, and a diode D1. The capacitor Cb is
considered to be a storage capacitor, since it is used to
store charged discharged from the battery LS1, prior to
charging that charge back into the battery LS1. The stor-
age capacitor Cb has two terminals, N1 and N2. The
terminal N1 is connected to the positive battery terminal
T1 via the resistor Rb, and the switch SWb connects the
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terminal N2 to either the negative battery terminal T2 (via
the diode D1), or to a terminal N3 of the capacitor Ca.
[0033] The capacitor Cais consideredto be areservoir
capacitor, since it is used to store a relatively large
amount of charge, for raising and lowering the voltage of
the storage capacitor terminal N2, to control whether the
storage capacitor sends charge to, or receives charge
from, the battery LS1.

[0034] The resistor Ra, the switch SWa, and the res-
ervoir capacitor Ca are all connected in series with one
another between the battery terminals T1 and T2, so that
the switch SWa can be used to switch the reservoir ca-
pacitor Ca and resistor Ra into connection between the
battery terminals T1 and T2, in order to charge the res-
ervoir capacitor Ca up to the same voltage as the battery
LS1. The resistor Ra has a small value, sufficient to pre-
vent an excessively large current from flowing into the
reservoir capacitor Ca when the switch SWa is first
closed. The switch SWa is connected to terminal N3 of
the reservoir capacitor Ca, between the reservoir capac-
itor Ca and the positive battery terminal T1.

[0035] The battery management system also compris-
es a second circuit, formed by a difference amplifier DA1
and a microcontroller MC1. The difference amplifier has
two inputs connected to the terminals N1 and N2 of the
storage capacitor, and monitors the voltage difference
between those two terminals N1 and N2, and has an
output connected to the microcontroller MC1. The micro-
controller MC1 receives the output of the difference am-
plifier DA1, and generates switch control signals MO
based upon the output, for controlling the switches SWa
and SWhb.

[0036] In use, the microcontroller switch control MO in-
itially closes the switch SWa, and sets the switch SWb
to connect the storage capacitor terminal N2 to the res-
ervoir capacitor terminal N3. Then, the terminals T1 and
T2 of the battery LS1 to be measured are connected into
the circuit, as shown, and the battery LS1 charges the
reservoir capacitor Ca up to the battery voltage, via the
resistor Ra. Any residual charge in the storage capacitor
Cbis discharged, since its terminals N1 and N2 are con-
nected together via the switches SWa and SWb and the
resistors Ra and Rb.

[0037] Once the reservoir capacitor Ca is substantially
fully charged, at a time OT, the switch SWa is opened
and the switch SWhb is switched to connect the terminal
N2 of the storage capacitor to the negative terminal T2
of the battery via the diode D1. As shown in the timing
diagram of Fig. 3, which shows the voltage between the
storage capacitor terminals N1 and N2, this causes the
storage capacitor Cb to charge up through the resistor
Rb. The resistor Rb is small, and its purpose is to prevent
an excessively large current from flowing from the battery
LS1 when the storage capacitor Cb begins to charge.
The rate of this charging is also limited by the internal
resistance of the battery LS1, as will be apparent to those
skilled in the art, and this internal resistance combines
with the resistor Rb to form a series RC circuit with a time
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constant of T = Internal resistance + Rb) * Cb, as will also
be apparent to the person skilled in the art. The x-axis of
Fig. 2 is marked in terms of this time constant, and it can
be seen on Fig. 2 that the storage capacitor Cb reaches
90% charge (a voltage that is 90% of the battery voltage)
after 2.2T has elapsed.

[0038] This voltage across the storage capacitor Cb is
measured by the difference amplifier DA1, and detected
by the microcontroller MC1. When this voltage indicates
the capacitor Cb is 10% charged, at 0.1T marked on Fig.
3, the microcontroller MC1 begins timing. When this volt-
age indicates the capacitor is 90% charged, at 2.2T
marked on Fig. 3, the microcontroller stops timing, and
stores this time as the discharge time that the battery
spent discharging to charge the storage capacitor from
10% up to 90%. Additionally, the microcontroller MC1
changes the switch control output MO to connect the ter-
minal N2 of the storage capacitor Cb to the terminal N3
of the reservoir capacitor Ca. Since the reservoir capac-
itor Ca is already charged up to the battery voltage, this
steps the voltage at the terminal N2 of storage capacitor
Cb up to 100% of the battery voltage, and so steps the
terminal N1 of the storage capacitor steps up to 190% of
the battery voltage. The storage capacitor Cb then begins
to discharge into the battery LS1 through the resistor Rb,
charging the battery LS1. The microcontroller times this
charging time, starting from 2.2T shown on Fig. 3.
[0039] After 4.3T, the output voltage of the difference
amplifier DA1 indicates to the microcontroller that the
voltage across the storage capacitor Cb has dropped to
10% charge (10% of the battery voltage), and the micro-
controller stops timing the charging time. At this point,
the microcontroller could use the discharge time from
0.1T to 2.2T, and the charge time from 2.2T to 4.3T, in
a comparison with a look-up table to determine the SOC
of the battery. Note that the value of T during 0.1T to
2.2T, will be different to the value of T during 2.2T t0 4.3T,
duetothe differentinternal resistance of the battery under
discharging and charging. Accordingly, the x-axis of the
Fig. 3 graph is not entirely linear.

[0040] In this embodiment, instead of taking the dis-
charge time and the charge time alone, the same dis-
charge and charge cycle is carried out again, and again,
for a repetition number of times. Then, all the discharge
times can be summed, all the charge times can be
summed, and all the discharge and charge times can be
summed, to produce three values for comparing to alook-
up table. This will average out the effects of any noise or
measurement errors, and should produce a more accu-
rate result. The number of discharge / charge cycles from
which the SOC calculations will be made, will be depend-
entonthe accuracy thatis required, the number of battery
cells connected in parallel with one another, and the im-
pedance of the system, but may for example be between
10 to 100 discharge / charge cycles. The size of the res-
ervoir capacitor Ca is preferably much larger than the
size ofthe storage capacitor Cb, for example the reservoir
capacitor Ca may be around 1F, and the storage capac-

10

15

20

25

30

35

40

45

50

55

itor Cb may be around 10mF. Then, multiple discharge
/ charge cycles can be carried out without the voltage
across the reservoir capacitor varying significantly.
[0041] The look-up table may be initially constructed
from a set of typical measurement results for Lithium Sul-
fur batteries, with techniques such as coulomb counting
being used to determine what SOC typically corresponds
to what discharge and charge times. Or, a full discharge
cycle could be measured, with the 100% and 0% SOC
states being used to interpolate what SOC the battery
was at when each pair of discharge and charge times
were measured.

[0042] A second embodiment of the invention will now
be described with reference to Fig. 4, which shows a
more detailed schematic diagram than that of Fig. 2. The
main principle of operation of the second embodiment is
the same as that of the first embodiment, with a terminal
N5 of a storage capacitor C2 being connected and dis-
connected from a reservoir capacitor C1, to charge and
discharge a Lithium Sulfur battery LS2 respectively.
[0043] The schematic diagram of Fig. 4 explicitly rep-
resents the internal resistance of the battery LS2 with a
resistor R1, which will vary under discharge and charge
as shownin Fig. 1. The resistor R1 is connected in series
between the positive and negative battery terminals T3
and T4. A microcontroller MC2 has an output M3 for con-
trolling when the reservoir capacitor C1 is charged via
the resistor R3, prior to the discharge / charge cycles,
and an input M1 from an Op-Amp OP1 that forms a dif-
ference amplifier for measuring the voltage difference
between the terminals N4 and N5 of the storage capacitor
C2. The microcontroller MC2 monitors the input M1 to
measure the lengths of the discharge and charge times,
and calculates SOC of the battery LS2 based on those
times.

[0044] The switching of the reservoir capacitor C1 out
of and into series with the storage capacitor C2 is con-
trolled by feedback from the output of the OP Amp OP1.
The output of the OP Amp is connected directly to the
gate of a switch transistor SW3, and connected to the
gate of a switch transistor SW2 via a NOT gate NG1,
such that the switch transistors SW2 and SW3 collec-
tively form a single-pole double-throw switch similar to
SWhb of Fig. 2.

[0045] When the storage capacitor C2 is at 10%
charge, at the beginning of the timed discharge period
of the battery LS2, the voltage at terminal N5 is 0V and
the voltage at terminal N4 is 10% of the battery voltage.
The output of the OP Amp OP1 is the same as the battery
voltage, and the switch SW2 is open and the switch SW3
is closed. At the end of the of the timed discharge period
of the battery when the storage capacitor C2 is at 90%
charge, the voltage at terminal N5 is 0V and the voltage
at terminal N4 is 90% of the battery voltage, causing the
OP Amp OP1 to flip its output from the battery voltage to
0V, which closes the switch SW2 and opens the switch
SWS3, starting the timed charge period of the battery LS2,
with the voltage at terminal N5 the same as the battery



11 EP 3 182 552 A1 12

voltage and the voltage at N4 shifted to 190% of the bat-
tery voltage.

[0046] As the battery is charged, the storage capacitor
C2 drops in charge level, and when it reaches 10%
charge with a voltage of 110% of the battery voltage at
terminal N4, the Op Amp OP1 output flips back up to the
battery voltage. This cycle continuously repeats, with the
microcontroller MC2 measuring the boundaries between
the discharge and charge time periods that correspond
to the flips in the Op Amp OP1 output. Using these times,
the microcontroller MC2 calculates the SOC of the bat-
tery LS2. Intermittently, the microcontroller MC2 may
close the switch SW1 to top-up the charge in the reservoir
capacitor C1.

[0047] The inductor L1 and resistor R2 limit current
surges into the storage capacitor C2, and in this embod-
iment have values of 1uH and 0.03 Ohms respectively.
This resistor R2 also acts as a balancing resistor that
may be adjusted to provide an optimum time constant
for measurement purposes, and will depend on the res-
olution and accuracy of the intended system and the
number of battery cells connected in parallel. In this em-
bodiment, the reservoir capacitor C1is 1 F, and the stor-
age capacitor C2 is 10mF. In this embodiment, the re-
sistors that form the difference amplifier together with the
OP Amp OP1 have values of Rd1 = 12KOhm, Rd2 =
1.2KOhm, Rc1 = 10KOhm, Rc2 = 1.1KOhm. The diode
D2 is considered to be an ideal diode with no voltage
drop across it when conducting, however the resistances
Rd1, Rd2, Rc1, Rc2 could be adjusted take to account
of the voltage drop for a real-world diode, as will be ap-
parent to those skilled in the art.

[0048] The internal resistance of the battery LS2 has
been represented as being a fixed resistance of R1 for
simplicity, however in reality the battery has an impulse
response causing some variation in the effective resist-
ance over the discharge / charge time periods. However,
this does not detract from the relationship between the
discharge / charge times and the SOC of the battery.
[0049] Whenthe battery LS2 has a single cell at a state
of charge of 50%, a typical value for the discharge time
would be 2.74ms, corresponding to the charging of the
storage capacitor C2, and a typical value for the charge
time would be 3.46ms during discharging of the storage
capacitor C2.

[0050] If 100 discharge / charge cycles are taken, then
the accumulation of timings between the discharge pe-
riods (dp) 0.1T to 2.2T, charge periods (cp) 2.2T to 4.3T
and overall period (op) 0.1T to 4.3T may provide values
in this embodiment of 280ms(dp), 300ms(cp) and
580ms(op) for an SOC of 20%, values of 267ms(dp),
348ms(cp) and 615ms(op) for an SOC of 40%, and value
of 280ms(dp), 348ms(cp) and 628ms(op) for an SOC of
60%.

[0051] The discharge and charge resistances of a typ-
ical Lithium Sulfur battery will vary according to what tem-
perature the battery is at. Therefore, if the battery man-
agement system is to work over a range of temperatures,
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then temperature-based modification of either the look-
up table or of the times that are compared to the look up
table is desirable. Accordingly, the microcontroller further
comprises an input M2, which is connected to a temper-
ature sensor TS1 of the battery management system.
The temperature sensor TS1 is located close to the bat-
tery LS2, so it measures the temperature of the battery
LS2.

[0052] The graph of Fig. 5 shows various curves at
different temperatures, showing how the internal resist-
ance of a typical Lithium Sulfur battery whilst charging
varies as more and more charge is added to the battery.
Additionally, the graph of Fig. 6 shows various curves at
different temperatures, showing how the internal resist-
ance of a typical Lithium Sulfur battery whilst discharging
varies as more and more charge is discharged from the
battery. Temperature clearly has a significant effect upon
resistance, however the relationship between resistance
and temperature is well-known in the art, and so the mi-
crocontroller MC2 can easily modify the measured dis-
charge and charge times based on known relationships
to compensate for temperature.

[0053] Using three sets of measurements taken at dif-
ferent states of charge, it may also be possible to com-
pensate for changes in the battery’s internal resistance
due to temperature, ageing and external loading by com-
paring the absolute values of cp, dp and op against an
ideal reference for any given state of charge. For exam-
ple, it can be seen in the graphs of Fig. 4 and Fig. 5 that
the resistance change with respect to temperature is
greater for the battery when discharging, than what it is
when charging. The rate with which the values change
at specifictemperatures may be used to indicate the state
of health of the battery and in turn deterioration of the
battery’s capacity. An algorithm may be applied based
on the temperature and values for cp, dp and op to com-
pensate for an Li-S battery’s change in capacity due to
temperature, and against ideal values for a change in
capacity due to battery ageing or loading.

[0054] Furthermore, given that the resistance of the
battery can be further measured as a function of the mag-
nitude of the load applied and frequency with which it is
applied, the values of C2 and/or L1 may be varied to alter
the impulse load seen by the battery and the discharge
/ charge frequency to produce different sets of measure-
ment results. For example, variable components may be
usedfor C2and/or L1, oradditional circuits with C2 and/or
L1 set at different values could be incorporated in the
battery management system. The results obtained by
these additional measurement results could be used to
improve the accuracy, validate the original measurement
results, and more specifically allow effects of temperature
and battery ageing to be compensated for by validating
the resistance variations as seen by the variable loading
conditions of the multiple circuits. For example, C2 could
be set at 10mF for a first set of measurements, and then
at 20mF for a second set of measurements.

[0055] A third embodiment of the invention is shown in
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Fig. 7, and this is the same as the second embodiment,
except for that the difference amplifier formed by the OP
Amp OP1 measures the voltage between the terminals
N6 and N7 of the resistor R2. Therefore, the resistor R2
acts as a current sense resistor, and allows the current
flowing in and out of the capacitor C2 to be measured.
During discharge of the battery LS2, the terminal N7 is
at a higher voltage than N6, however when the current
level drops sufficiently as the storage capacitor reaches
90% charge, the Op Amp OP1 output transitions from
the battery voltage to 0V, commencing the charge of the
battery LS2. The terminal N6 is at a higher voltage than
N7, however when the current level drops sufficiently as
the storage capacitor falls to 10% charge, the Op Amp
OP1 output transitions from 0V up to the battery voltage,
starting the discharge period. The microcontroller MC2
measures the transitions in the Op Amp output at the
input M1, in the same manner as previously described
in the second embodiment.

[0056] It will be appreciated that many other arrange-
ments of reactive elements could be implemented to pro-
vide circuits having measurable discharge / charge pe-
riods, and that voltages between various points of these
circuits could be measured to determine discharging /
charging of fixed amounts of charge from and to the bat-
tery through these circuits.

[0057] Many other variations of the described embod-
iments falling within the scope of the invention will be
apparent to those skilled in the art.

Claims

1. ALithium-Sulfur battery management system for de-
termining a state of charge of a Lithium-Sulfur bat-
tery, the management system comprising a first cir-
cuit having at least one reactive element, the first
circuit configured to discharge and charge fixed
amounts of charge from and to the battery via the at
least one reactive element, and second circuit for
monitoring the discharging and charging, wherein
the second circuit is configured to measure a dis-
charge time and a charge time of the fixed amounts
of charge, and determine the state of charge based
on those times.

2. The Lithium-Sulfur battery management system of
claim 1, wherein the at least one reactive element
comprises a storage capacitor, and wherein a size
of the storage capacitor fixes the fixed amounts of
charge that are discharged from and charged to the
battery.

3. The Lithium-Sulfur battery management system of
claim 2, wherein the at least one reactive element
comprises an inductor connected to the storage ca-
pacitor.
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4.

10.

The Lithium-Sulfur battery management system of
claim 2 or 3, wherein the first circuit comprises a
switching network connected to the storage capac-
itor, the switching network configured to switch a first
terminal of the storage capacitor between lower and
higher voltage potentials to perform the discharging
and charging of the battery via a second terminal of
the storage capacitor.

The Lithium-Sulfur battery management system of
claim4, wherein the first circuit comprises areservoir
capacitor, and wherein the switching network is con-
figured to switch the reservoir capacitor out of and
into series with the storage capacitor to perform the
discharging and charging of the battery respectively.

The Lithium-Sulfur battery management system of
any preceding claim, wherein the first circuit com-
prises a switch for charging the reservoir capacitor
with the battery, prior to the switching of the reservoir
capacitor out of and into series with the storage ca-
pacitor to perform the discharging and charging of
the battery.

The Lithium-Sulfur battery management system of
any preceding claim, wherein the second circuit is
configured to monitor a voltage difference between
two points of the first circuit, determine that discharg-
ing or charging is sufficiently complete when the volt-
age difference drops below a predetermined level,
and in response switch the first circuit from discharg-
ing to charging, or from charging to discharging, re-
spectively.

The Lithium-Sulfur battery management system of
claim 7 when appended to any one of claims 4, 5, or
6, wherein the second circuit comprises a difference
amplifier for determining the voltage difference be-
tween the two points, and wherein an output of the
difference amplifier is connected to a control terminal
of the switching network, to switch between dis-
charging and charging the battery based on the out-
put of the difference amplifier.

The Lithium-Sulfur battery management system of
any preceding claim, wherein the second circuit is
configured to determine the state of charge based
on a look-up table that provides a state of charge
value for each of multiple combinations of discharge
and charge times.

The Lithium-Sulfur battery management system of
claim 9 when appended to claim 8, wherein the sec-
ond circuit comprises a microcontroller configured
to time the discharge and charge times based on the
output of the difference amplifier, and determine the
state of charge based on the look-up table.
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The Lithium-Sulfur battery management system of
any preceding claim, wherein the second circuit is
configured to repeatedly switch the first circuit to dis-
charge and charge the battery for a repetition
number of times, and determine the state of charge
based on a sum of the discharge times, a sum of the
charge times, and optionally a sum of the discharge
and charge times.

The Lithium-Sulfur battery management system of
claim 11, wherein the second circuit is configured to
determine a health of the battery based on the sum
of the discharge and charge times.

The Lithium-Sulfur battery management system of
any preceding claim, further comprising a third circuit
configured to sense a temperature of the battery,
wherein the second circuitis configured to determine
the state of charge further based on the temperature
of the battery.

The Lithium-Sulfur battery management system of
any preceding claim, wherein the fixed amounts of
charge comprise a first fixed amount of charge that
is discharged from the battery during the discharge
time, and a second fixed amount of charge that is
charged into the battery during the charge time,
wherein the first fixed amount of charge and the sec-
ond fixed amount of charge are substantially a same
value as one another such that the discharging and
charging has no significant overall effect upon the
state of charge of the battery.

A method for determining state of charge of a Lithi-
um-Sulfur battery, comprising:

measuring a first time to discharge the Lithium-
Sulfur battery by a first fixed amount of charge,
via a first reactive element;

measuring a second time to charge the Lithium-
Sulfur battery by second fixed amount of charge,
via a second reactive element; and
determining the state of charge based on the
first and second times,

wherein the first reactive element is optionally a
same reactive element as the second reactive ele-
ment, and wherein the first fixed amount of charge
is optionally a same amount of charge as the second
fixed amount of charge.
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